The 165 rRNA gene sequences of reference strains of Streptococcus suis serotypes 1-34 and 1/2 were determined. A comparative sequence analysis showed that the degree of sequence similarity between 5. suis reference strains ranged from 93-94 to 100°/~. A dendrogram was constructed from the similarity matrix. Thirty-two strains representing 32 serotypes fell into a major group divided into three clusters. The other strains, 5. suis serotypes 32,33 and 34, were more distant. Biochemical characterization of the six more distant strains, including 5. suis serotypes 20,22, 26, 32, 33 and 34, revealed a profile similar to that of other 5. suis serotypes. Comparison of the 165 rRNA gene sequences of 5. suis reference strains with sequences of other members of the genus Streptococcus indicated that, with the exception of 5. suis serotypes 32, 33 and 34, reference strains did not cluster with any other species in the genus. In conclusion, 165 rRNA gene sequence analysis defined a major group of 5. suis reference strains which were very closely related and a higher divergence for 5. suis serotypes 32,33 and 34. However, to date, there is no strong evidence to reclassify strains of these serotypes in another species.
INTRODUCTION
Streptococcus suis is an important cause of a wide variety of infections in pigs, such as meningitis, pneumonia, septicaemia, and arthritis (4, 34) . S. suis has also been described as a pathogen for humans (1, 33) as well as for other mammalian and bird species (7) . more than 80 YO, confirming their relationship at the species level (22). Nevertheless, another study using multilocus enzyme electrophoresis to evaluate the diversity of a collection of mainly Australian isolates of S. suis divided into 14 serotypes (14) indicated that the species was genetically more diverse than anticipated on the basis of the previous DNA-DNA hybridization study (22) . The existence of this genomic S . suis strains are usually identified on the basis of morphology, biochemical tests and polysaccharide capsular typing (serotyping) (13, 22, 32) . To date, 35 serotypes of S. suis have been described (1 2,17) . S . suis serotype 2 is the most prevalent type isolated from diseased pigs, followed by serotypes 1/2, 3, 4, 6, 7, 8 and 9 (10, 18, 19) . heterogeneity in S. suis isolates between and within serotypes has also been detected by restriction endonuclease analysis and ribotyping (2, 15, 24, 25, 29) . For instance, use of ribotyping on a collection of S. suis isolates encompassing all known serotypes showed genetic heterogeneity of strains within and between serotypes, although most isolates (87 %) representing 28 serotypes contained a common band (25) .
The paritiall6S rRNA sequence of the reference strain of S. suis serotype has been determined (3) . A comparison of this sequence with the 16s rRNA Genetic diversity among S. suis strains has been investigated previously. DNA relatedness among 13 S. suis strains from a limited range of serotypes averaged S. Chatellier and others streptococcal species (3). As the greatest variability in the 16s rRNA gene sequences for streptococcal species has been identified in the variable V1 and V2 regions (3), their sequences from a number of S. suis strains belonging to serotypes 1, 2, and 9 have been determined recently (29). These sequences were found to be almost identical, leading the authors to design DNA probes which specifically hybridized with the limited number of S. suis strains tested (29).
To date, determination of the 16s rRNA gene sequences of S . suis isolates has been restricted to serotypes 1, 1/2, 2 , 4 and 9, the types most frequently isolated from diseased pigs. As some other serotypes can also be responsible for severe infection and to improve identification of S. suis isolates, it is of importance to better elucidate the taxonomy of S. suis isolates of all known serotypes.
In this study, because of the great value of 16s rRNA gene sequencing for elucidating phylogenetic interrelationships of micro-organisms (36), the 16s rDNA sequences of all reference strains of S. suis serotypes 1-34 and 1/2 were determined and compared. The objective was to determine the precise intraspecies relationships among S. suis reference strains belonging to various serotypes and to clarify their relatedness to other members of the genus Streptococcus.
METHODS
Bacterial isolates. The bacterial strains included in this study were the reference strains of S. suis serotypes 1-34 and 1/2 (11, 12, 17, 26) . The 35 strains are listed in Table 1 . All isolates originated from pigs except for serotype 14 isolated from a human case of meningitis, serotypes 20 and 31 isolated from diseased calves, and serotype 33 isolated from a diseased lamb.
Growth and biochemical activity. Reference strains of serotypes 20, 22, 26, 32, 33 and 34 were tested for growth on Brain Heart Infusion (Biolife) and Columbia agars (LAB M) with 5 % bovine blood, and on the following selective media : Slanetz and Bartley agar (Oxoid), Edward's agar (Oxoid) with 5 % bovine blood and Bile Esculin agar (Difco). Milk clotting was tested in Litmus Milk (Oxoid). Amylase activity was investigated by spot-inoculating strains on Columbia agar without added blood. Reaction zones were recorded after flooding the plates with Gram's iodine stain following overnight incubation. Motility was determined in semi-solid M I 0 medium (Gibco). Enzymic and carbohydrate reactions were determined in API 20 STREP, API 50CH and RAPID ID32 STREP galleries (bioMirieux). All tests except the API and ID32 STREP galleries, and certain comparative growth tests, were incubated at 37 "C in air with 5 % CO,. Test results were read after 24 h except for the enzymic reactions of API 20 STREP and RAPID ID32 STREP galleries which were recorded after 4 h of incubation.
Bacterial DNA preparation. Each strain was subcultured on 5 O h (v/v) blood agar plates at 37 "C for 18 h. Genomic DNA was extracted by the guanidium thiocyanate method (27) .
Amplification of 165 rRNA genes. Template DNAs for sequencing were prepared by enzymic amplification of the 16s rRNA genes of S. suis isolates by using prokaryotic 16s rDNA universal primers F 1 and R13 (8). The PCR products were purified by using Nucleobond kit (Macherey-Nagel) according to the manufacturer's instructions.
Sequencing primers and sequencing reactions. The 16s rRNA genes were sequenced by using AmpliTaq DNA polymerase (Perkin-Elmer Cetus) and dye-labelled dideoxynucleotides (Applied Biosystems). The primers used for sequencing were F1 and R13 primers and 12 other primers selected on the basis of the previously sequenced regions of the Streptococcus 16s rRNA genes (3) . Both strands were sequenced at least once in every position with a mean redundancy of three readings of each position. The resulting DNA fragments were separated from the cycle sequencing reaction mixture by ethanol precipitation. The fragments were then resolved on 6 % polyacrylamide gels containing 8 M urea in an automated sequencer (model 373A; Applied Biosystems).
Phylogenetic analysis. The 16s rRNA gene sequences were aligned with the programs PILEUP (6), CLUSTAL (16) and GeneWorks (20), and the alignments were corrected manually. Distance matrices were produced by using the DNADIST program of the PHYLIP package (9). Unrooted phylogenetic trees were constructed by using the neighbour-joining method of Saitou & Nei (28) as implemented within the NEIGHBOR component of PHYLIP package. Branch lengths (estimated by DNADIST) were superimposed on the resulting trees using the FITCH algorithm (9). The statistical significance of the groups obtained was assessed by bootstrapping (300 replicates) by using the programs SEQBOOT, DNADIST, NEIGHBOR and CONSENSE (9). Nucleotide sequence accession numbers. The sequences of the 16s rRNA genes of the 35 S. suis reference strains have the GenBank accession numbers listed in Table 1 
RESULTS

Sequence determination
Almost complete nucleotide sequences of between 1463 and 1540 bp were generated from the 16s rRNA genes of the 35 S. suis reference strains listed in Table  1 . Internal primers were used to amplify the target gene. Therefore, the 16s rRNA gene sequences were not complete in the 5' and 3' ends. The accuracy of the sequences was increased by sequencing both strands at least once in every position. All the sequences obtained with this strategy contained no undetermined positions. The reproducibility of the method was ascertained by sequencing twice the 16s rRNA genes of two S. suis strains (serotypes 16 and 22) at different times with different DNA preparations in each case, with completely identical results in each case.
Sequence similarity analysis
The 16s rRNA primary sequences of the 35 S. suis reference strains were aligned with each other. Because of variation in the length of 16s rRNA genes between strains, sequence similarities for the 35 S. suis reference strains were only determined for a continuous region of 1468 bp (ranging from position 22 to position 1435 on the Escherichia coli numbering system). The sequence distance matrix, produced by using the DNADIST program (9) with Maximum Likelihood phylogeny program as a model of nucleotide substitution is presented in Table 2 . Genetic distance calculations were performed on a block of aligned sequences of 1468 bases each. The methods of Jukes & Cantor (21), Kimura (23) and the maximum likelihood method of Felsenstein (9) gave similar distance results ; the variation amongst the three methods did not exceed 0.001, with a mean variation of 0-0001 between two sequences (data not shown). All subsequent distance analyses were performed with the maximum likelihood method. The degree of sequence similarity between isolates ranged from 93.94 % to 100 %. The distance between the 16s rRNA gene sequence of S. suis serotype 1 and 16s rRNA gene sequences of S. suis reference strains serotypes 2-34 and 1 /2 is schematized in Fig. 1 . Thirtytwo S. suis strains were assigned to a major group divided into three clusters within the distance phenogram. The three other strains exhibiting greater distance values were ungrouped. Cluster I, including S. suis serotype 1, contained 25 other serotypes lying within 0.0104 distance units of serotype 1. Within cluster I, several sequences were found to be identical; these fell into a subclass of six identical sequences (serotypes 6, 16, 18, 23, 29 and 31), a subclass of four identical sequences (serotypes 2, 12, 14 and 15), and three pairs of identical sequences (serotypes 4 and 5, serotypes 1/2 and 3, serotypes 17 and 19). Cluster I1 was composed of sequences from serotypes 7,9 and 30 lying at a distance of between 0.013 and 0.0188 from serotype 1. Cluster I11 was made of a pair of identical sequences (20 and 26) as well as serotype 22, lying at distances between 0.026 and 0.033 from serotype 1. Finally, serotypes 32, 33 and 34 were the most divergent serotypes, lying at distances between 0.0449 and 0.057 from serotype 1. The region exhibiting the highest level of diversity in the alignment of the 35 sequences was between positions 48 and 91 (positions 69 and 104 in the E. coli numbering system). The sequence alignment of this region is shown in Fig. 3 . This part of the 16s rRNA gene sequence was characterized by substitutions and/or insertions of nucleotides for S. suis serotypes 22, 26, 30, 32, 33 and 34. A limited number of substitutions dependent on serotype was observed for 16s rRNA gene sequence from position 92 to position 1468 (positions 105 and 1435 in the E. coli numbering system).
Biochemical characterization of the distant S. suis isolates
Physiological and biochemical tests carried out on S. suis serotypes 20, 22, 26, 32, 33 and 34, demonstrated a profile similar to that of other S. suis serotypes. Most noticeably, negativity of the Voges-Proskauer (VP) and alkaline phosphatase tests, lysis of aesculin, trehalose positivity, failure to grow in the presence of 6 3 % sodium chloride, positivity in the amylase plate test, production of acid in salicin broth and absence of P-haemolysis on Columbia blood agar are strongly indicative of the tested serotypes belonging to S. suis.
Relationship of S. suis reference isolates to other members of the genus Streptococcus based on 16s rRNA gene sequences
The contrast between the tightly clustered phenogram at distances below 0.01 and the more scattered distribution of the other sequences led to the investigation of whether the more distant sequences may in fact belong to different species of Streptococcus. To explore this question, FASTA database searches were performed with the sequences of serotypes 7,9, 20, 22, 30, 32, 33 and 34. The search results clearly placed these serotypes within the Streptococcus genus; S. suis was always among the best alignments, taking into consideration that the published sequence (3) is significantly shorter (1334 bp) than our query sequences.
The FASTA results were used as a basis for phylogenetic analysis. 
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//-6. subtilis matrix was calculated from pairwise comparison of sequences in this alignment and an unrooted tree ( Fig.  4) 
DISCUSSION
Sequence comparison of 16s rRNA genes has been shown to be a useful tool for phylogenetic analysis of bacterial species (36) . Although the nucleotide differences along the primary structure of the 16s rRNA are concentrated mainly in certain hypervariable regions, the differences along the complete molecule are substantial (30, 36) . Consequently, information can be lost if determination of relatedness between isolates based on 16s rRNA gene sequence analysis is restricted to the hypervariable regions. Therefore, we chose to determine almost the complete 16SrRNA gene sequence of the 35 S. suis reference strains. The results of our sequence analysis and comparisons shown in the dendrogram in Fig. 2 (Fig. 2) . In addition, parsimony analysis of the aligned sequences confirmed the major relationships among the 35 S. suis reference strains proposed by distance matrix analysis (data not shown).
The highest level of diversity was identified in the 5' hypervariable regions as previously described for the genus Streptococcus by Bentley et al. (3) . Nevertheless, a limited number of nucleotide substitutions were identified along the rest of the molecule sequence for various serotypes. The nucleotide sequences of the Vl and V2 regions of the 16s rRNA genes of S. suis strains serotypes 1,2 and 9 were found to be identical, as previously described by Smith et al. (29) . Nevertheless, some other S. suis serotypes such as serotypes 32, 33 and 34 exhibited nucleotide insertions in these variable regions. Therefore, the oligonucleotide probes complementary to the V1 and V2 regions designed on the 16s rRNA gene sequences of S. suis serotypes 1 , 2 and 9 (29) may not be specific to all isolates of S. suis species as currently defined.
The sequence described in this study by automated DNA sequencing for S. suis serotype 1 was found to be almost identical to that described previously by S. suis isolates belonging to different serotypes exhibited the same rRNA gene sequence indicating their higher degree of relatedness during evolution. This finding contrasts with the heterogeneity in ribotype profiles previously described for all known serotypes except serotypes 4 and 5 (15, 25) . This result is not so surprising: in contrast to 16s rDNA sequencing, ribotyping using a probe derived from a mixture of 16s and 23s rRNAs (1 5, 25) can also detect polymorphisms in the intergenic spacer, in part of 23s rDNA, and upstream and downstream of the rRNA genes. The 35 S. suis reference strains had different origins in terms of species, health status, tissue origin, and geographical location (1 1, 12, 17, 26) . The few differences noted in their 16s rRNA gene sequences were not correlated with geographical distribution of isolates, nor with their species and health status origins. Strains originating from clinically healthy pigs were grouped in the same cluster as strains recovered from diseased pigs. Therefore, our results support those obtained by another group (29) who designed probes based on signature positions within the 16s rRNA gene sequences for rapid and specific identification of S. suis, while confirming the need for other typing methods such as ribotyping for the identification of virulent strains. The 16s rRNA gene sequence identity at S. suis intraspecies level ranged from 93-94 to 100%. This range of values is larger than those reported for other species such as Burkholderia solanacearum and Aerococcus urinae (5, 3 1 ). In addition, our results indicated that S. suis serotypes 32, 33 and 34 grouped more closely to other Streptococcus species than to other S. suis isolates without, however, falling into a different Streptococcus species. Inasmuch as the definition of a bacterial species cannot, of necessity, approach the rigour achievable in zoology (30) , the use of sequence data must be integrated with the phenotypic definition of a species. The presence of phenotypic coherency is of importance in characterization of a species. S. suis serotypes 20, 22, 26, 32, 33 and 34, the distant strains from the main group on the basis of 16s rRNA gene sequences, exhibited physiological characteristics and biochemical profiles compatible to those of other S. suis serotypes. This phenotypic coherency based on biochemical identification should be taken into consideration in the polyphasic approach for species definition.
In conclusion, 16s rRNA gene sequence analysis defined a major group of closely related S. suis reference strains and a higher divergence for S. suis serotypes 32,33 and 34. However, at this time, there is no strong evidence to reclassify these serotypes in another species.
